This study was designed to investigate the physical characteristics and crystalline structure of 2-hydroxy-N-[3(5)-pyrazolyl]-1,4-naphthoquinone-4-imine (PNQ), a new active compound against Trypanosoma cruzi, the causative agent of American trypanosomiasis. Methods used included differential scanning calorimetry, thermogravimetry, hot stage microscopy, polarized light microscopy (PLM), Fourier-transform infrared (FTIR) spectroscopy, and highresolution X-ray powder diffraction (HR-XRPD). According to PLM and HR-XRPD data, PNQ crystallized as red oolitic crystals (absolute methanol) or prisms (dimethyl sulfoxide [DMSO]-water) with the same internal structure. , Z = 4, space group P2 1 /c], and a crystal structure (excluding H-positions) described by parallel layers in the direction of the b-axis, with molecules held by homochemical (phenyl-phenyl and pyrazole-pyrazole) van der Waals interactions. In addition, FTIR spectra displayed the NH-pyrazole stretch overlapped with the OH absorption at 3222 cm −1 , typical of -NH and -OH groups associated through H-bondings; and a carbonyl stretching absorption at 1694 cm
INTRODUCTION
The need for new active drugs against Trypanosoma cruzi, the etiological agent of American Trypanosomiasis (Chagas disease), is widely recognized. Currently, there are between 16 and 18 million chronically infected carriers of Chagasd isease in the tropics and subtropics of North and South America, and more than 100 million people at risk. 1 However, at present there are only 2 drugs available, benznidazole and nifurtimox, which although very helpful when given during the acute stage of infection, are ineffective in the chronic period and produce adverse side effects due to their toxicity. 2 In addition, the growth of parasite resistance against the 2 mentioned chemotherapeutic drugs cannot be ignored, emphasizing the importance of the search for new anti-T. cruzi agents.
Naphthoquinone-based agents form a large class of therapeutically significant drugs, ranging from antimicrobials 3 to antineoplastics. 4 Our interest in quinone chemistry prompted us to give special attention to the synthesis and biological properties of pyrazolylnaphthoquinones, a new class of naphthoquinone derivatives, finding that 2-Hydroxy-N-[3(5)-pyrazolyl]-1,4-naphthoquinone-4-imine (PNQ) exhibits promising activity against T. cruzi. 5 At present, the study of the solid state properties of new substances is essential for the development and approval of novel drug compounds 6 mostly because of the importance of the physical properties of the solid state in the bioavailability of drugs administered in the solid state as part of a solid dosage form. In fact, in recent years, efforts have been directed to elucidate the physicochemical properties of active pharmaceutical ingredients (APIs) 7, 8 ; specifically, knowledge of the 3-dimensional structure of APIs has aided in the understanding of their solid state chemistry and pharmaceutical properties. With these aims in mind, a study of the solid state of PNQ was undertaken since its physical properties and crystalline structure have not yet been studied. Thus, in this study 2 samples of PNQ prepared by recrystallization from absolute methanol (PNQ-M) and dimethyl sulfoxide (DMSO)-water 5:1 (PNQ-D) are described and characterized by means of differential scanning calorimetry (DSC), thermogravimetry (TG), Fourier-transform infrared spectroscopy (FTIR), high-resolution X-ray powder diffraction (HR-XRPD), hot stage microscopy (HSM), and polarized light microscopy (PLM). Also, the crystal structure of PNQ was solved using molecular location methods applied to HR-XRPD.
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MATERIALS AND METHODS
Materials
PNQ was synthesized according to our previously reported method. 5 Crystallization assays from solvents of different polarities were performed in order to identify the most adequate crystallization conditions, finding that PNQ crystallized with good yields only in absolute methanol and DMSO-water (5:1). The recrystallization procedure was as follows: A hot saturated solution of drug in absolute methanol or DMSO-water was filtered and allowed to reach room temperature (RT). Next, it was cooled at -20ºC for 2 days. The formed crystals were filtered and dried in vacuo. The purity of the crystals was checked by thin-layer chromatography (TLC) and paper electrophoresis, finding that they were chromatographically and electrophoretically homogeneous; the crystals were also examined by highresolution mass spectra (performed at the McMaster Center for Mass Spectrometry, Hamilton, Ontario, Canada). For TLC analyses, precoated plates of silica gel 60 F 254 (Merck, Whitehouse Station, NJ) were used. Spots were visualized with UV and daylight. Solvents of analytical reagent grade and distilled water were employed. All the studies were performed without grinding the crystals, except for FTIR and HR-XRPD analyses.
Methods
The DSC and TG measurements were recorded on MDSC 2920 and TG 2950 analyzers (TA Instruments Inc, New Castle, DE), respectively. The operating conditions for both instruments (open pan system) were as follows: heating rate, 10 deg.min −1 ; atmosphere, static air or dynamic N 2 (99.99%, flow rate 50 mL/min). The DSC and TG temperature axes were calibrated with indium (99.99%; melting point, 156.60°C) and by the Curie point of Ni (353°C), respectively. Empty aluminum pans were used as references and samples of~2 mg were used. The reported DSC values were the average of at least 2 independent measurements. Data were treated with Thermal Solutions software (TA Instruments).
The physical and morphological changes of the samples that occurred during the process of heating were observed through a microscope fitted with a Kofler hot-stage (Leitz, Wetzlar, Germany) at a constant rate from RT (~8ºC/min) up to 280ºC. In order to provide experimental conditions similar to those in air, the samples were not embedded in silicone oil. 11 In addition, the crystallinity of the samples was assessed by measuring their birefringence according to the United States Pharmacopeia (USP) test of crystallinity 12 (ie, the solid was suspended in silicone immersion oil and examined under a polarized light microscope equipped with crossed polarizers [petrographic microscope]).
HR-XRPD data were collected at RT at the SUNY X3B1 beamline, National Synchrotron Light Source (Brookhaven National Laboratory, Upton, NY). The samples were chopped in order to reduce the size of the crystals; then they were sealed in thin-walled glass capillaries and spun, while collecting data. A Si (111) double-crystal monochromator (calibrated using a National Institute of Standards and Technology (NIST) standard Al 2 O 3 plate) was used. The incident radiation intensity was monitored with an ion chamber and the diffracted intensity was measured with an NaI (Tl) scintillation detector. The horizontal and vertical resolutions of the diffractometer were given by slits and by a Ge (111) analyzer crystal, respectively. The crystal structure solution procedure is summarized as follows: The 2θ positions of the first 20 peaks were determined using GUFI, 13 a program for visualizing and processing powder diffraction patterns, estimating background intensities, fitting peaks, indexing, etc. In order to obtain the unit cell parameters, the angular positions of the peaks were entered into the program ITO 14 using the zone-indexing method. After that, the Le Bail algorithm was employed to calculate the diffraction pattern and to minimize the difference between observed and calculated diffraction intensities without a crystallographic model (the unknown atomic positions). A selected profile function was used both to simulate the various diffraction peaks as to refine profile shape, asymmetry and unit cell parameters, and background intensity, while the scale factor was not varied. In this manner, the correctness of the calculated unit cell parameters was checked by a Le Bail fit 15 using the program FULLPROF. 16 The systematic absences (Bragg reflections that are allowed by symmetry but with null intensities) were analyzed to determine the space group. In order to compare the final agreement factor values (R wp ) with and without the inclusion of the crystallographic model, another Le Bail fit was done with the program GSAS. 17 This fit produced a set of integrated intensities of the Bragg reflections, of which the first 50 were used to obtain a set of atomic positions by location of the molecules in the unit cell. The molecular location step (structure solution) was done with the program PSSP. 18 Within this structure solution method, the simulated annealing algorithm was used to find an optimum set of parameters (molecular positions in the unit cell as well as the Eulerian and torsional angles that defined the molecular orientations and conformations, respectively). This treatment produced the best agreement between the experimental (Le Bail) and trial model integrated intensities of the reflections, among a large number of trial structures postulated at decreasing values of the temperature parameter. The geometries of the molecular fragments known to be present in the unit cell are described with a set of Cartesian coordinates. In this case, the PNQ molecule was modeled adapting 2 fragments (from 2-amino-1,4-naphthoquinone-4-iminium chloride dihydrate and 3-nitropyrazole) taken from the Cambridge Structural Database (CSD) entries ANPQIM and RIKNOO, respectively. 19 The analysis of the cell volume and possible densities allowed to estimate Z (the number of molecules per unit cell). The wavelength, unit cell parameters, space group symmetry operations, Cartesian coordinates, and total number of atoms per unit cell were entered into the program PSSP. 18 During the simulated annealing runs, the molecular fragments were not attached but rather searched independently through the 12-dimensional space positions and orientations of the 2 fragments (3 unit cell positions and 3 Eulerian angles for each fragment). The annealing schedule used an initial temperature factor of 50, a temperature decrement factor of 0.8, a final temperature factor of 0.001 and 5000 cycles. Several simulated annealing runs were performed.
In order to corroborate that the fragments searched gave rise to the PNQ molecule, and also to check the intermolecular interactions found, the structure solution with the lowest value of the agreement factor "S" was visualized using the program Ortep-3 for Windows. 20 The obtained atomic positions were refined using the Rietveld method implemented in the program GSAS, 17 through which the difference between calculated and experimental diffraction intensities is minimized using a multi-variable least-squares algorithm. The unit cell positions and Eulerian angles of the molecular fragments (determined with the program PSSP) were entered into the program GSAS to generate an initial set of atomic positions. Last, the Rietveld method was used to obtain the ultimate set of refined atomic positions and other crystallographic parameters, such as thermal and occupancy factors. All the software to process the HR-XRPD data were run under the Windows operating system. The Internet addresses used to download these programs are included in the References section.
FTIR spectra were recorded on a Nicolet 5-SXC FTIR spectrophotometer (Nicolet Instruments Corp, Madison, WI). Samples were prepared as KBr pellets (~1 mg in 200 mg of KBr) with a mini-press (Hidráulicos Delfabro, Cór-doba, Argentina) at 6 tons without any extra grinding. The spectra were collected with 40 scans, at 8 cm −1 resolution, and processed with the Nicolet OMNIC 1.1 program (Nicolet).
RESULTS AND DISCUSSION
Solid Phases and HR-XRPD
Microscopic examination with polarized light revealed that PNQ is a red crystalline substance that crystallized in at least 2 different crystalline habits. Indeed, PNQ crystallized from absolute methanol (PNQ-M) as spherical or nearly rounded crystals (radiated from a center producing red oolitic forms) whose radii were of~1 mm. Conversely, PNQ-D consisted of long red planar fibers (~300 μm) with birefringence (0.20) and straight extinction when examined under polarized light. The fibers were pleochroic from yellow to orange, and the average refractive index measured was 1.55. The optic plane was parallel to the fiber axis.
The HR-PDRX diffractograms of PNQ-M and PNQ-D are depicted in Figure 1 . As can be seen, the patterns of both samples showed the same peaks, indicating that they have the same internal structure. Indeed, the diffraction data were indexed to the same reduced monoclinic unit cell . In order to solve the crystal structure of PNQ, the HR-XRPD pattern was further analyzed as described in the Methods section. On the basis of results of a Le Bail fit done in the lowest symmetry monoclinic space group (P2) and from the observation of the systematic absences, the space group P2 1 /c was determined. The R wp obtained in the Le Bail fit (GSAS program) was 7.26%. Thus, from the molecular weight and the calculated cell volume, Z = 4 was suggested as it gave rise to a reasonable density value (1.5 g/cm 3 ).
For the crystal structure solution, we hypothesized that there was one molecule (illustrated in the inset of Figure 1 ) in the general position of the space group P2 1 /c. The PNQ molecule was modeled adapting 2 fragments from 2-amino-1,4-naphthoquinone-4-iminium chloride dihydrate and 3-nitropyrazole. 19 These fragments were not attached but rather searched through the 12-dimensional space of position and orientation of the 2 fragments.
The program PSSP obtained a plausible solution (agreement factor S = 0.029) that located both molecular fragments independently within the unit cell forming the PNQ molecules. In the final Rietveld refinement (Figure 2 ), there were no restraints on the bond between the iminic nitrogen and the pyrazole ring (Figure 1 inset) , which refined to 1.39(4) Å; the bond angles also had reasonable values: C4-N4-C3′ 128(4)º, N4-C3′-N2´115(7)º, and N4 -C3′-C4´131(7)º ( Table 1) . The adopted molecular conformation was not flat and the torsion angle (C4-N4-C3′ -N2´) between the 2 rings was −47(9) degrees. The agreement factors obtained in the refinement were R wp = 7.52%, R I = 8.49%, and χ 2 = 2.96, with the following refined cell parameters: a = 18.4437(1) Å, b = 3.99677(2) Å, c = 14.5304
( Table 2 . The standard deviations informed by the program GSAS were corrected following a widely used procedure. 21 The crystal structure of PNQ is shown in Figure 3 along the [010] direction, which indicates that the spatial arrangement of the molecules can be described as parallel layers in (Figure 4 ) are virtually identical, providing not only additional evidence that the 2 samples had the same crystal lattices and geometries, but also giving some information regarding the intermolecular interactions within the crystals. In particular, the spectra exhibited no bands in the region of free OH or NH, indicating the existence of associated molecules in the lattice. Indeed, the NH-pyrazole and OH stretch vibrations overlapped, appearing as a broad band centered at 3223 cm
. The absence of a separated OH absorption can be explained considering that in 2-hydroxy-isoxazolylnapthoquinones, 23, 24 the OH band appeared at~3200 cm
, the normal position of OH groups associated through H bondings. Thus, the OH group of PNQ-M and PNQ-D is also engaged in H bondings, which caused that it overlapped the normal absorption of the νNH of pyrazole, 25 and this is consistent with the HR-XRPD crystal structure solution of PNQ. Furthermore, the CO stretch of the carbonyl in the naphthoquinone was observed at 1694 cm −1 , suggesting that in PNQ the group is less H-bonded than in other hydroxynaphthoquinones, which showed CO absorption bands at 1670 cm -1 , the typical wavenumber for conjugated CO groups. Consistently, the crystal structure solution of PNQ gave the C=O group free of H bondings.
The thermal behavior of PNQ-M and PNQ-D was assessed by DSC, TG-derivative thermogravimetry (DTG), and HSM, and DSC thermal parameters (t onset , t max and heats of transitions [ΔH] ) are listed in Table 3 .
According to the thermoanalytical data, the samples were solvent-free solids that showed similar thermal behaviors. Indeed, neither DSC desolvation peaks nor TG weight losses were observed below 200ºC. As is exemplified in the case of PNQ-M, the DSC curve in flowing N 2 ( Figure 5 , upper traces) displayed a single endothermic peak at 264.4ºC, superimposed with an exothermic peak centered at 270.2ºC, suggesting a melting with decomposition process. PNQ-M (and also PNQ-D sample) was visually examined by HSM to assist in the interpretation of the DSC events. Microscopic observations revealed that from RT up to 220ºC, phase modifications and evaporation losses were not produced, which is consistent with the DSC and TG-DTG results. The material began to reduce itself in size at 230ºC and concurrently, a few transparent orange prisms of PNQ (TLC identification using benzene-ethyl acetateMeOH-ammonium hydroxide 2:3:1:0:2 as mobile phase) were observed on the cover, typical of a sublimation process. It should be noted that the TG-DTG curves also indicated that the weight loss started before the DSC endothermic peak ( Figure 5 ). On further heating (at 260ºC), the crystals of the cover started to sublime, while the crystals on the slide darkened and reduced in size. Finally, at~280ºC no crystals were observed on the cover, while in the slide, a black solid residue remained. Melted droplets in the slide or in the cover were not discerned. These results shed light on the DSC profile, indicating that the peak at 264ºC could not be ascribed to fusion, thus PNQ is a solid that decomposed without melting. 26 In order to confirm the conclusions drawn from the Kofler, the DSC and TG curves were also run in static air. As it can be seen in Figure 5 (lower traces), the DSC and TG profiles and also the thermal parameters did not change (Table 3) . It should be noted that in no case (flowing N 2 or static air) could the DSC profiles be repeated in a second heating run. These findings demonstrated that the decomposition process experimented by PNQ was not catalyzed by the oxygen of air, indicating not only the validity of the Kofler observations but also providing information about the thermal-oxidative stability of PNQ crystals. In fact, it is known that DSC provided valuable aid in assessing such stability, since the higher the extrapolated onset (t onset ) and peak maximum temperature (t max ) the more the thermaloxidative stability of a sample. 27 Hence, the thermal parameters obtained in air (an oxidizing atmosphere) can be used as primary parameters of the resistance of PNQ crystals to thermal-oxidative decomposition. PNQ crystals have high t onset (9250ºC), indicating that the compound is stable as solid at high temperatures and also that it was unaffected by oxygen. Then, PNQ can be safely manipulated in air at RT and even at higher temperatures. Consistently, PNQ-M and PNQ-D crystals stored more than 6 months at RT did not present decomposition products as judged by TLC and DSC analyses.
Regarding PNQ-D, a small difference in its DSC transition temperatures in relation to PNQ-M (Table 3 ) was seen. This fact does not reflect a difference between the samples at a molecular level (see XRPD and FTIR evidence), but it is likely owing to the differences in crystal habits and particle sizes. In fact, it is known 28, 29 that both factors influenced the DSC onset and peak values (ie, less developed crystals), for example needles, are less stable to thermal changes and give endothermic peaks at lower temperatures than more developed crystals such as prisms, which are more stable and give endothermic peaks at higher temperatures. 29 In addition, thermal differences between crystalline samples of the same compound indicated that the energy needed to initiate a chemical or a thermal process varies despite the fact that the energy involved in the process itself remains the same, 30, 31 as with PNQ-M and PNQ-D that had similar heats of transition (ΔH, Table 3 ).
The different morphology of PNQ crystals may also have an effect on their performance. It is known that the performance of a drug can be dependent on the external structure of the crystals, since habits may exert a dominant influence on several pharmaceutical characteristics, among others, suspension syringeability, tableting behavior, and bulk density of the drug. 6, 32 For example, a suspension of plate-shaped crystals may be injected with greater ease than one with needle-shaped crystals. Moreover, having the same internal structure, one crystal habit of an active ingredient may tablet well, while another may cause trouble. 32 Furthermore, as it was demonstrated in the case of trimethroprim 33 and diflunisal, 34 habits can also influence the dissolution rates; however, the morphology of the crystals did not alter the pharmacokinetic parameters, since 
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both drugs were rapidly absorbed. Therefore, it seems that the selection of the proper crystal habit of a drug may be advantageous from a processability point of view, but for rapidly absorbable drugs such an approach will not adversely affect the pharmacokinetic profile. 34 In the case of PNQ, although systematic solubility and absorption studies have not been performed, we observed that PNQ-M and PNQ-M show poor solubility in water, having a calculated log P (ClogP) similar to that of metoprolol, a high permeable compound with no absorption problems. 35 In this sense, it is noteworthy that in vitro PNQ-M and PNQ-D solutions showed virtually identical anti-T. cruzi activity (the IC 50 values for PNQ-M and PNQ-D were 3.3 μg.mL −1 and 3.2 μg.mL −1 , respectively) (R Brun, email communication, October 2000) as was expected owing to the insignificant intercrystalline variation in ΔH of transitions (Table 3) . Hence, PNQ could be expected to be a rapidly absorbable drug for which its different crystal habits do not influence its absorption. However, this assumption needs to be validated. Thus, studies are planned to evaluate the biopharmaceutical relevance of the crystalline habits of PNQ.
CONCLUSION
The data reported in this article provided a meaningful set of solid-state characteristics of PNQ, ensuring their quality and lot-to-lot reproducibility. It was determined that PNQ can crystallize as red oolits or prisms, having the same crystalline monoclinic unit cell. The crystal structure of PNQ (excluding hydrogen positions) was successfully solved by molecular location methods applied to HR-XRPD data, which indicated that the spatial arrangement of the PNQ molecules consisted in parallel layers in the direction of the b-axis. In addition, it was determined that PNQ crystals exhibit a high thermal-oxidative stability, attributable to the predominance of intermolecular interactions (van der Waals and hydrogen bondings). Consequently, it is not likely to be necessary to protect it from oxygen at RT and even at higher temperatures.
